The real-time sensing of metal ions at point of care requires integrated sensors with low energy and sample consumption, reversibility, and rapid recovery. Here, we report a photonic nanosensor that reversibly and quantitatively reports on variation in the concentrations of Pb 2+ and Cu
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ABSTRACT: The real-time sensing of metal ions at point of care requires integrated sensors with low energy and sample consumption, reversibility, and rapid recovery. Here, we report a photonic nanosensor that reversibly and quantitatively reports on variation in the concentrations of Pb 2+ and Cu
2+
ions in aqueous solutions (<500 μL) in the visible region of the spectrum (λ max ≈ 400−700 nm). A single 6 ns laser pulse (λ = 532 nm) was used to pattern an ∼10 μm thick photosensitive recording medium. This formed periodic AgBr nanocrystal (ø ∼ 5−20 nm) concentrated regions, which produced Bragg diffraction upon illumination with a white light source. The sensor functionalized with 8-hydroxyquinoline allowed sensing through inducing Donnan osmotic pressure and tuning its lattice spacing. The sensor quantitatively measured Pb 2+ and Cu 2+ ion concentrations within the dynamic range of 0.1− 10.0 mM with limits of detection of 11.4 and 18.6 μM in under 10 min. The sensor could be reset in 3 min and was reused at least 100 times without compromising its accuracy. The plasmonic nanosensor represents a simple and label-free analytical platform with potential scalability for applications in medical diagnostics and environmental monitoring. M etal cation sensors have applications ranging from in vitro diagnostics to assessing the quality of water and intracellular sensing. 1−5 Advanced techniques for quantifying concentrations of metal cations are based on high-resolution inductively coupled plasma mass spectrometry, atomic absorption, or emission spectroscopy. 6−8 However, these techniques are high-cost, require significant instrumentation, and are nonportable. Other methods involve quantifying concentration of metal cations using fluorescence.
9,10 Such techniques do not require high-temperature atomization sources but require sample preparation involving organic solvents to allow the cations to bind to selective agents. Practical solutions include ion-selective electrodes (ISEs) that can provide high selectivities and sensitivities for the detection of metal ions such as Na + , K + , and Cd
, while being amenable to miniaturization in battery-operated devices. The need for improving the performance and user interface has motivated the investigation of numerous other approaches such as fluorescent chemosensors, 11−22 DNA-based detection, 23−31 silica nanotube-based sensors, 32 quantum-dot-labeled DNAzymes, 33 polydiacetylene−liposome microarrays, 34 catalytic nanomotors, 35 click chemistry-based detection, 36 and graphene-based sensors. 37−39 However, optical sensors have emerged as the platform of choice for the detection and discrimination of metal ions as they (i) enable sterile sensing without sample contamination, (ii) can be miniaturized and multiplexed within lab-on-chip devices, (iii) offer readouts in the visible region, and (iv) are not affected by electromagnetic fields during sampling and testing. 40 The notable optical sensors for metal ion detection are colorimetric, label/ equipment-free, lightweight, and reusable or disposable. 41−44 These include synthetic receptor or biomodified metal nanoparticles (NPs), 45 plasmonic nanocavities, 46, 47 phagebundle nanostructures, 48 and quantum dots. 49 Polymerized crystalline colloidal arrays (CCAs) have emerged as a sensitive optical sensing platform. 50 They are fabricated from monodisperse and highly charged nanospheres that assemble into a close-packed, well-ordered crystalline array due to long-range electrostatic repulsion at low ionic strength. 51 By fixing this crystalline structure in a hydrogel matrix, the CCA could then be used as an optical sensor, which Bragg diffracts at different wavelengths depending on the nanosphere spacing. The main problems with this method are 2-fold: (i) for the CCA to form, ion depletion from the solution requires lengthy dialysis (>1 week), and (ii) the cross-linking must not disrupt the array. The latter restricts the inclusion of many functional groups during monomer polymerization. Therefore, functionalization must be performed post hydrogel preparation, resulting in nonuniform distributions of functional moieties throughout the hydrogel matrix.
Here, we create a photonic nanosensor consisting of nanocrystals (NCs) produced in situ within an ionically charged and functional hydrogel using laser writing. This sensor provides a quantitative visual readout of the concentration of divalent metal ions in an aqueous medium and represents an advance on previous detection methods due to its ease of preparation and reusability. Semiquantitative readouts were obtained by visual inspection based on the monochromatic response, and fully quantitative narrow-band readouts were attained through spectrophotometry. The sensor allowed sensing Pb 2+ and Cu 2+ ions using a sample volume (<500 μL). We demonstrate that the sensor is reusable within 3 min showing reproducibility without hysteresis.
The principle of operation of our sensor is based on the dynamic volume modulation of a poly(acrylamide-co-carboxylic acid) (PAM) matrix, which incorporates a AgBr nanocrystal Bragg grating. The AgBr NCs are organized as a multilayer grating in the PAM matrix, which serves as a tunable wavelength filter. Upon illumination with a white light source, the sensor diffracts narrow-band light in the visible region of the spectrum (Figure 1a) . We hypothesized that incorporation of pendant 8-hydroxyquinoline (8HQ) moieties into the matrix and subsequent chelation of divalent metal ions could shift the Bragg peak to shorter wavelengths due to a decrease in the Donnan osmotic pressure (Figure 1b) . Computation of the interaction between the photonic structure and the electromagnetic field using finite-difference time domain algorithms provided a theoretical model of the optical properties for the device. Finite element simulations were performed for the diffraction of a light wave at 485 nm propagating through a PAM matrix with 5°slanted and stacked nanostructures ( Figure  1c ). The AgBr NCs were distributed within the matrix consisting of a multilayer grating confined within a 2.5 × 1.0 μm 2 area. Upon illumination with normal incidence, the light was partially reflected, transmitted, and diffracted at ∼10°from the normal. When the lattice constant matched the effective incident wavelength (λ peak /n), a maximum diffraction efficiency was observed. The wavelengths not satisfying this condition were transmitted and reflected normally without diffraction. Parts d and e of Figure 1 show that, as the lattice spacing decreases from 214 to 194 nm, the Bragg peak shifts from 640 to 580 nm. Figure 1f shows the simulated spectra of the AgBr NC grating and its selective wavelength diffraction. ■ EXPERIMENTAL SECTION Materials. 3-(Trimethoxysilyl)propyl methacrylate (silane), acrylamide (AM) (98%), N,N′-methylenebis(acrylamide) (MBAM; 99%), 2-dimethoxy-2-phenylacetophenone (DMPA) (99.0%), acrylic acid (AA) (99%), 5-amino-8-hydroxyquinoline (5A-8HQ) dihydrochloride (95%), N,N′-dicyclohexylcarbodiimide (DCC; 99%), triethanolamine (99.0%), lithium chloride (99.0%), lithium bromide (99%), sodium chloride (99.5%), (+)-sodium L-ascorbate (99.0%), sodium carbonate (99.9%), sodium hydroxide (98.0%), sodium thiosulfate (98.0%), Lascorbic acid (99.0%), potassium chloride (99.0%), potassium bromide (99%), rubidium chloride (99.0%), cesium chloride (99.9%), magnesium chloride hexahydrate (99.0%), calcium chloride (93.0%), barium chloride dehydrate (99%), manganese(II) chloride (99%), iron(II) chloride (98.0%), iron(III) chloride (99.9%), cobalt(II) chloride (97%), nickel-(II) chloride (98%), copper(II) chloride (99.0%), copper(II) sulfate (99%), zinc chloride (98%), lead(II) chloride (98%), sodium acetate trihydrate (99.0%), silver nitrate (AgNO 3 ) (99.0%), 2-(4-dimethylaminostyryl)-1-ethylquinolinium iodide (Quinaldine red photosensitizing dye, 95%), 4-(methylamino)-phenol hemisulfate salt (metol, 99%), ethylenediaminetetraacetic acid tetrasodium salt hydrate (Na 4 EDTA; 99.0%), ethylenediaminetetraacetic acid iron(III) sodium salt (Fe(III)-NaEDTA), and qualitative filter paper (Whatman, grade 6, circles, d = 90 mm) were purchased from Sigma-Aldrich, U.K.
Ethanol, methanol, acetone, acetic acid (glacial), dimethyl sulfoxide (DMSO), dimethylformamide solution (37%), and glass microscope slides (ground, t = 1.2 mm) were purchased from Fisher Scientific. All chemicals were of analytical grade and used without further purification. Ultrapure water (18 MΩ cm) (Milli-Q Advantage A10, Millipore) was used for all experiments.
Instruments. Single-side aluminized polyester film was purchased from HiFi Industrial Film Ltd. (Stevenage, U.K.). Stratalinker 2400 UV cross-linker (∼350 nm, 4000 μwatts/ cm 2 ) was purchased from RS Components (Corby, U.K.). Neodynium yttrium aluminum garnet pulsed laser (high-power compact Q-switched Nd:YAG oscillator with super-Gaussian resonator, 700 mJ at 1064 nm, 10 Hz, with a second-harmonic generator, 350 mJ at 532 nm 10 Hz, 6 ns, thermally stabilized with wavelength separation) was purchased from Lambda Photometrics (U.K.). An AveSpec 2028 spectrophotometer, a 2048-pixel InstaSpec IV CCD detector, and bifurcated cable (FC UV 600-2, 600 μm fiber, 2 m length, SMA terminations) were purchased from Avantes (Apeldoorn, Netherlands). Panasonic Lumix DMC-FZ20 camera was used for imaging. AvaSoft (v7.5, Avantes) and SciDAVis (1.D005) were used for data collection and analysis. MATLAB (R2014a, MathWorks) and COMSOL Multiphysics (v4.4) were used for diffraction simulations. pH meter (FE20 FiveEasy, Mettler Toledo) was used for buffer preparation. Synthesis of the Photonic Nanosensor. The sensor was fabricated from hydrogel copolymerized with acrylic acid that was layered on a silanized glass slide (Scheme 1). The monomer mixture consisted of AM, MBAM, and AA (Supporting Information Table S-1). The Bragg grating was incorporated into the PAM matrix using silver halide chemistry, which allowed the formation of fine AgBr NCs. 52 The matrix was impregnated with Ag + ions (Figure 2a) , followed by its photosensitization by the formation of AgBr NCs in the presence of dye Quinaldine red (QR, λ peak = 528 nm) ( Figure  2b) . A 6 ns laser operating at 532 nm in Denisyuk reflection mode to produce standing waves photochemically patterned the PAM matrix into regions with a multilayer periodicity of ∼λ/2 (Figure 2c) . 53 Supporting Information Figure S1 shows the recording setup. When the reflected frequency is in phase with the incident beam, where the light intensity is maximum, the standing wave produces dark (node) and bright fringe (antinode) regions. 54 Using a photographic developer, the (Figure 2f ) to obtain periodic AgBr NCs distributed throughout the PAM matrix. The Bragg grating consisted of AgBr NCs (ø ∼ 5−20 nm) periodically organized in multilayer regions within an ∼10 μm thick PAM matrix. The PAM matrix was functionalized with 5A-8HQ using a DCC-initiated condensation reaction to form an amide linkage, after which the sensor was ready for use (Scheme 1).
■ RESULTS AND DISCUSSION
Quantification of Pb 2+ and Cu 2+ Cation Concentrations. In ambient air (60% RH), the sensor diffracted narrowband light at 485 nm at ∼10°from the specular reflection (Figure 3a) , and diffraction efficiency was 2 orders of magnitude greater than that at the other wavelengths, confirming the existence of an underlying photonic structure. The diffraction is governed by Bragg's law: λ peak = 2nd sin(θ), where λ peak is the wavelength of the first-order diffracted light at the maximum intensity in vacuo, n is the effective index of refraction of the medium, d is the grating spacing, and θ is the Bragg angle, which is determined by the recording geometry. Introduction of an acetate buffer (pH 4.20, 200 mM) at 24°C to the sensor caused a red Bragg shift from 485 to 637 nm. At pH 4.20, the PAM matrix was partially protonated, and in the presence of the counteranions and water, the matrix expanded and shifted the Bragg peak to longer wavelengths. Upon interaction with a target metal cation, the 8HQ-functionalized sensor actuated a volumetric change, which was reported through blue Bragg shifts. Upon chelation of a divalent metal ion, the formation of bisligand complexes between neutral enolic 8HQ molecules decreased the Donnan osmotic pressure within the PAM matrix, resulting in water expulsion, shrinkage of the matrix, and closer nanocrystal spacing. A decrease in the lattice spacing of AgBr NCs, primarily in the vertical direction underlying its substrate, shifted the Bragg peak to shorter wavelengths. Supporting Information Figure S2 shows the interrogation setup. The amount and the speed of change in the position of the Bragg peak were correlated with the concentration of the target metal cation. Figure 3b shows a typical sensor response when the divalent metal ion free acetate buffer (pH 4.20) was replaced by an acetate buffer containing Pb 2+ ions (0.2−2.0 mM), which shifted the Bragg peak from 637 to 550 nm. Inset in Figure 3b illustrates the colorimetric response, which allowed semiquantitative readouts by eye.
The changes in the AgBr NC spacing through the modulation of the diffracted light allowed the quantification of metal cations. Due to the high 2:1 association constant, the bisligand Pb 2+ ions could not be removed from the PAM matrix by rinsing with a divalent metal ion free acetate buffer solution. In order to reuse the sensor, the PAM matrix was agitated for 3 min with an EDTA solution. EDTA is a hexadentate chelating agent that can bind to metal ions, and it is used in chelation therapy in treating lead and mercury poisoning. 55 EDTA binds to metal ions by its four carboxylates and two amines to form a compound in octahedral geometry or seven-coordinate complexes. After complexation with EDTA, metal ions exhibit reduced reactivity, and the chelation of metal ions with EDTA reset the diffraction peak to its original position (λ peak = 637 nm). All the measurements were conducted using the same sensor with the EDTA solution to reset the Bragg peak position over 100 times. Since the spectrophotometer had a resolution of 0.5 nm wavelength shift, a minimum AgBr NC lattice swelling distance of 0.18 nm produced a resolvable Bragg peak shift corresponding to a total PAM matrix swelling of ∼9.7 nm (Supporting Information). Figure 3c shows the Bragg shifts of the sensor in response to alkali, alkaline earth, transition, and post-transition metals in acetate buffers (pH 4.2, 200 mM) at 24°C. While the blue Bragg peak shift for alkali earth metals (1.0 mM) was ∼3 nm over 10 min, for Pb 2+ and Cu 2+ ions at the same molarity, the peak shifted by 57 and 25 nm, respectively. Figure 3d illustrates the blue Bragg shifts in response to increasing concentrations of Pb 2+ and Cu 2+ ions from 0.1 to 1.0 mM over 10 min. When the concentrations of Pb 2+ and Cu 2+ ions were increased to 10.0 mM, the Bragg peak shifted by 225 and 175 nm over 10 min (inset in Figure 3d ).
Dynamic Modulation of the Photonic Nanosensor. The chelation of metal ions with 8HQ is pH-dependent. At pH 4−7, 8HQ has high affinity for Pb 2+ and Cu 2+ ions. . 58, 59 At pH values lower than 3.0, 8HQ is in the protonated quinolinium form (C) (Figure 4a) , at a pH value of 7.0, the predominant form is the neutral enolic 8HQ(N) form (Figure 4b ), and at pH values higher than 12, it is in the deprotonated quinolinate 8HQ(A) form (Figure 4c ). Its chelation potential is highest in its neutral enolic 8- and Cu 2+ ions increased in the PAM matrix over 10 min, the binding mechanism became kinetically slower due to the reduction of available neutral enolic 8HQ(N) molecules and changes in the elasticity of the PAM matrix. By analyzing the blue Bragg peak shift, the characteristics of the sensor was predicted at a given Pb 2+ or Cu 2+ ion concentration. The saturation in bisligand complexation at a given time point t can be expressed as an exponential decay:
where C ∞ is the amount of enolic 8HQ(N) form at infinite time and ν represents the rate of bisligand complexation.
Assuming that the complexation is proportional to the Bragg shift Δλ(t), this relationship can be expressed as
where Δλ ∞ is the equilibrated Bragg shift. Hence, eq 2 can be used to describe the saturation of the Bragg peak in time. Figure S3 illustrates the Bragg shift as a function of Pb 2+ and Cu 2+ ion concentrations as the time approaches infinite according to the fit in Figure 4 , parts d and e, and Supporting Information Figure S3b shows the time constant (ν) for different concentrations. Additionally, Supporting Information Figure  S4 shows the readouts for alkali, alkaline earth, and transition metals (1.0 mM) over 10 min.
In addition to photonic nanosensor technology, several advances in metal cation sensing have been demonstrated. For example, electrochemical stripping analysis is a sensitive technique that allows detection limits of 8.7 nmol L −1 in the working range of 4.8 nmol L −1 to 9.6 μmol L −1 . 61 Similarly, ionselective electrodes offer detection limits down to 0.63 μM in the working range of 3.2 μM to 31.6 mM. 62 Recently, DNAzyme-and glutathione-functionalized plasmonic gold nanoparticles achieved detection limits from 1 pM to 100 nM in the range of 1 pM to 10.0 μM. 63, 64 In comparison to these sensitive detection methods, the presented nanosensor offers an alternative to measure Pb 2+ cations at high concentrations (0.1−10.0 mM). However, the sensitivity may be improved by decreasing the concentration of the MBAM and/or increasing the concentration of carboxylic acid moieties in the PAM matrix.
■ CONCLUSIONS
We have demonstrated a strategy to fabricate a divalent metal cation sensor via laser writing. We used a single laser pulse (6 ns, 532 nm) to form a slanted diffraction grating, which consisted of periodic AgBr NC regions within an 8HQ-functionalized PAM matrix. By changing the lattice spacing of grating, the sensor was modulated to diffract narrow-band light within the visible region of the spectrum (λ peak ≈ 400−640 nm). When used in combination with an EDTA solution, the sensor displayed reversible response to variation in the concentrations (0.1−10.0 mM) of metal cations such as Pb 2+ and Cu 2+ . However, hydrogel-based sensors can be functionalized to sense a range of physical parameters and analytes. 65, 66 We envision that NC hydrogel sensors can be multiplexed with microfluidic devices 67−71 and contact lens sensors, 72 and readouts can be quantified by smartphone applications. 73, 74 Our method has compatibility with a diverse array of substrate matrixes from synthetic to natural polymers. The angle of diffraction and its pattern can be controlled by changing the laser exposure conditions, such as humidity, and the geometry (tilt angle) of the object. The Bragg peak of the diffraction grating can be tuned by changing the wavelength of the laser light and choosing a corresponding photosensitizing dye such as 1,1′-diethyl-2,2′-cyanine, 1,1′-diethyl-2,2′-carbocyanine, or N,N,N′,N′-tetraethylrhodamine. Such well-ordered diffraction gratings can be built from metallic nanoparticles and dyes, and low-cost laser pointers can be used to produce the diffraction gratings in the visible spectrum as well as in nearinfrared. Laser writing allows flexible patterning, and enables the production of a low-cost and scalable photonic sensor. We envision that our platform technology for fabricating metal cation sensors with wide optical ranges will lead to applications from printable devices to equipment-free colorimetric sensors.
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Interrogation setup, fit constants, readouts for mono/divalent cations, and theoretical background and resolution. This material is available free of charge via the Internet at http:// pubs.acs.org.
